Ca2"-regulated expression of virulence-associated proteins.
Yersinia pestis, the etiologic agent of bubonic plague, exhibits a virulence property called the low-Ca2" response (Lcr) (19) . The Lcr is manifested in vitro by the requirement for millimolar quantities of Ca2" for maximal growth yield at temperatures above 34°C (80) and by the temperature-and Ca2"-regulated expression of virulence-associated proteins.
These proteins include the V antigen (12, 56 ) and a set of coordinately regulated surface proteins (Yops) (7, 52, 53, 65, 66) . The Lcr does not occur at 26°C; however, when cultures of Y. pestis are shifted from 26 to 37°C in Ca2'-free media, a metabolic shutdown and cessation of growth occur within two generations, a phenomenon known as growth restriction (80) . Interestingly, it is during growth restriction that the V antigen and Yops are maximally expressed (66) . A number of specific nucleotides, such as ATP, can at least partially substitute for Ca2+ at 37°C, preventing growth restriction and downregulatifig expression of V antigen and Yops in Y.
pestis (79) . Nucleotides and Ca2+ are not transported into the yersiniae (47, 79) ; therefore, these compounds are thought to act at the cytoplasmic membrane as environmental regulatory signals.
The Lcr is encoded by a ca. 75 -kb plasmid called pCD1 in Y. pestis KIM5 (2, 17, 19) . This plasmid, which is essential for virulence, carries the regulatory genes for the Lcr and the genes that encode the virulence-associated effector proteins of the Lcr (the V antigen and Yops). Other human pathogenic yersiniae (Yersinia enterocolitica and Yersinia pseudotuberculosis) carry closely related Lcr plasmids that are also necessary for virulence (10) .
The Yops are a diverse group of proteins with regard to molecular weight and isoelectric point (6, 37, 65, 66) . Genes encoding these proteins are organized into at least five operons dispersed around pCD1 (37, 66) . Eleven Yops have been described in Y. pestis (48, 65, 66) . Several mice (30, 68) . In addition, three of the Yops expressed by Y. pestis, Y. pseudotuberculosis, and Y. enterocolitica have been characterized by function. YopE is antiphagocytic and is a cytotoxin (60) ; YopH is antiphagocytic and possesses protein tyrosine phosphatase activity (5, 20) ; and YopM inhibits thrombin-induced platelet aggregation in vitro (29, 30) .
The V antigen is a 38-kDa protein that is protective in both active and passive immunization (28) . It appears to be bifunctional, serving both as an anti-host factor and as a positive regulator of the Lcr (56, 57, 72, 73) .
The regulatory genes for the Lcr consist of at least eight loci that are located in a ca. 20-kb "Ca2+ dependence" region on pCD1 (6, 15, 19, 52, 77, 78) . The IcrF gene product mediates the thermal induction of pCD1 gene transcription (77) . Other loci known to participate in the induction of transcription in the absence of Ca2+ include IcrB, lcrC, lcrD, and lcrV (which encodes the V antigen) (15, 19, 56) . Y. pestis strains with an insertion mutation in one of these positive regulatory loci exhibit a Ca2'-independent phenotype. These mutants do not undergo growth restriction after a temperature shift from 26 to 37°C in the presence or absence of Ca2 . In addition, these mutants are unable to induce strong expression of V antigen and Yops.
The IcrE and IcrR loci function in the downregulation of transcription in response to Ca2+ (1, 78) . Mutants obtained in these loci exhibit a restrictive growth response and maximal V antigen and Yop expression in both the presence and absence of Ca2' at 37°C but are still able to respond normally to the presence of ATP (1, 78) . This type of mutant is termed a Ca2'-blind mutant. IcrH is necessary for downregulation in response to both Ca2' and ATP. An IcrH La Jolla, Calif.) were used as hosts for the M13 vectors. XL1-Blue was also used as the host strain in the T7 polymerase expression system. JM107 was grown in M9 minimal medium (31) to select for F+ cells and in 2x YT (34) containing tetracycline (25 ,ug/ml) both for selection of F+ cells and for isolation of single-stranded DNA. All TnphoA fusion plasmids were isolated and maintained in E. coli CC118 [A(ara-leu)7697 araD139 AlacX74 galE galK AphoA20 thi rpsE rpoB argE(Am) recAl (32) ].
Three strains of Y. pestis, which lack the pigmentation virulence determinant (Pgm-), rendering them avirulent except by intravenous injection (71) , were used in this study. Y. pestis KIM5 contains pCD1 (Lcr+), Y. pestis KIM6 lacks pCD1 (Lcr-), and Y. pestis KIM5-3042.7[pCD1 IcrD::Mu dIl(Apr lac)b: :Tn9) was obtained in a previous study (19, 26) and contains bacteriophage Mu dIl(Apr lac)b::Tn9 (hereafter called Mu dIl) inserted into IcrD of pCD1 (Lcr-).
Y. pestis strains were grown as previously described in heart infusion broth (Difco Laboratories, Detroit, Mich.) or in defined medium TMH (66) . E. coli strains were grown in L broth (LB) (16) . Unless indicated otherwise, all bacteria carrying antibiotic resistance markers were grown in the presence of the appropriate antibiotic(s) at a concentration of 25 ,ug/ml (i.e., ampicillin, tetracycline, kanamycin, and chloramphenicol).
Bacteriophages M13mpl8 and M13mpl9 (34, 41, 76) were used as vectors for DNA sequencing. A derivative of bacteriophage M13, mGP1-2 (1), that contains the T7 RNA polymerase gene under the control of the lac promoter, was used for the exclusive expression of genes cloned downstream of the T7 promoter of pBluescript KS-(pKS-) (Stratagene, La Jolla, Calif.). The recombinant plasmids used in this study are described in Table 1 . Plasmid pGP2 was constructed by inserting the 4.2-kb BamHI-H fragment of pCD1 (19) into the BamHI site of the lcrR-containing plasmid pSB3-1 (1). This construct contains the entire lcrD locus and 3 kb of upstream flanking DNA. pGP2 and plasmids pGP2-1 and pGP2-2, which contain the 2.5-kb ClaI fragment and the 1.6-kb HinclI fragment of pGP2, respectively ( Fig. 1 25 ,ug of ampicillin, 300 ,ug of kanamycin, and 40 ,ug of 5-bromo-4-chloro-3-indolyl-phosphate (XP), each per ml. Plasmid DNA was prepared from these colonies by the method of Birnboim and Doly (4) and used to transform CC118. Transformant colonies were selected on LB agar containing ampicillin (25 jig/ml), kanamycin (25 ,g/ml), and XP (40 jig/ml). Alkaline phosphatase-positive transformants (blue colonies) were selected from these plates, and their plasmid DNA was purified. DNA from fusion plasmids was analyzed by restriction endonuclease mapping and then by DNA sequence analysis on the double-stranded template to identify fusion junction sites. The synthetic oligonucleotide primer (5'-GAGCGGCA GTCTGATCAC), kindly provided by David 0. Wood, University of South Alabama, Mobile, hybridized to the 5' end of the phoA gene and provided sequence readings of the 1crD-phoA fusion junctions.
Alkaline phosphatase assay. Plasmids with in-frame insertions in IcrD were electroporated into Y. pestis KIM5 (14, 50) for the determination of alkaline phosphatase activity. Cells were grown in heart infusion broth containing the appropriate antibiotics at 30°C. Enzyme activity was measured by determining the rate of p-nitrophenyl phosphate hydrolysis by permeabilized cells (36) . A 200-,ul volume of exponential-phase culture (A620 = 0.5 to 1.0) was mixed with 1.8 ml of 1 M Tris-HCl (pH 8.0), 50 ,ul of 0.1% SDS, and 50 ,ul of chloroform. Reactions were initiated by the addition of 0.4 ml of p-nitrophenyl phosphate and terminated by the addition of 1 
RESULTS
Mapping of the insert in the kcrD mutant. The location of the Mu dIl insertion mutation (19) that initially defined the lcrD locus was mapped by Southern blot analysis to 0.25 kb upstream from the HindIII-G fragment in HindIII-P, at 42.7 kb on the pCD1 map (data not shown; Fig. 1) . Analysis of the insert position in relation to sequence data (presented below) showed that the insert was located toward the 3' end of lcrD. IcrD lies immediately upstream of lcrR and probably is part of the same transcriptional unit (1); accordingly, this mutant is expected to express an approximately 72,000-molecular-weight LcrD protein lacking ca. 5,000 molecular weight from the carboxyl terminus and to lack LcrR expression altogether because of the polarity of the Mu dll insertion. Yersiniae carrying this insertion mutation in pCD1 are now referred to as Y. pestis KIM5-3042.7. This mutant exhibited a Ca2+-independent phenotype characterized by the lack of growth restriction and by the failure to induce strong V antigen expression at 37°C in the absence of Ca2+ (19) . (40, 59 ). Newton's group kindly made their sequence available to our laboratory, and it is presented in comparison with LcrD in Fig. 5 . Over the full-length alignment, 32% of the amino acids were identical and a total of 51% were identical or conservative replacements. The amino-terminal 260 aa of LcrD showed the greatest homology with FlbF, exhibiting 49% identity and an additional 26% similarity.
Identification of LcrD by immunoblot analysis with antipeptide antibodies. Peptides corresponding to aa 4 to 17 (peptide A) and 168 to 179 (peptide B) of the predicted LcrD protein were synthesized and used as haptens to raise site-directed polyclonal antibodies in rabbits. These peptides were selected as regions of LcrD which were likely to be exposed to the aqueous environment as predicted by the method of Hopp and Woods (23) . Antipeptide antibodies were used for Western blot analysis of SDS-PAGE-separated membrane proteins from Y. pestis and E. coli clones to determine if the antibody preparations recognized the intact LcrD protein expressed from the endogenous promoter for IcrD (Fig. 6 ). XL1-Blue/pKS- (Fig. 6, lane 1) lacked a Y. pestis insert and therefore did not express LcrD. XL1-Blue/pGP2 (Fig. 6, lane  2) carried a 5.6-kb Y. pestis insert containing the entire lcrD gene and expressed a unique 70-kDa protein recognized by both antipeptide antibody preparations (anti-peptide B used for Fig. 6 ). CC118/pGP2-pho320 (Fig. 6, lane 3) contained an in-frame IcrD-phoA gene fusion and expressed an LcrDPhoA hybrid protein of ca. 80,000 molecular weight (predicted molecular weight, ca. 78,500). LcrD and the LcrD-PhoA hybrid protein were not detected when samples were heated for 3 min at 100°C before SDS-PAGE and immunoblot analysis (Fig. 6, lanes 4 to 6) . Y. pestis KIM5 (Fig. 6, lane 8) expressed an immunoreactive protein of the same apparent molecular weight as observed with the LcrD-expressing XL-1 Blue/pGP2. The LcrD-mutant Y. pestis KIM5-3042.7 (Fig. 6, lane 7) expressed a truncated version of this protein, as expected. LcrD was localized to the inner membrane of Y. pestis KIM5 (Fig. 6, lane 11) . Small amounts of LcrD were also detected in the outer membrane fraction of Y. pestis KIM5 (Fig. 6, lane 12) and probably represent inner membrane contamination of the outer membrane fraction analyzed. No corresponding protein was detected in the inner or outer membrane fractions of the pCD1-Y. pestis KIM6 (Fig. 6, lanes 9 and 10) .
Isolation of LcrD-alkaline phosphatase (lcrD-phoA) gene fusions. by using a set of 12 LcrD-alkaline phosphatase (lcrD-phoA) location of the gene fusion junction was determined by gene fusions. Fusions of the phoA gene in frame with the dideoxy sequence analysis by utilizing a primer that hybridcoding region for a periplasmic-facing segment of a cytoplasized to the 5' end of the phoA gene. Plasmids containing mic membrane protein allow export of the PhoA portion of in-frame lcrD-phoA gene fusions were transformed into Y. the hybrid protein, resulting in high phosphatase activity pestis KIM5. which can be detected on XP indicator agar plates by the Enzymatic activities of LcrD-alkaline phosphatase hybrid blue color of the colonies (33) . Fusions ofphoA to segments proteins. The alkaline phosphatase activities of Y. pestis of the target protein normally located on the cytoplasmic KIM5 expressing the various IcrD-phoA fusions (Fig. 7 ) side of the membrane exhibit low enzymatic activity (9, 33) .
corresponded with the intensity of blue color found with Transposition of TnphoA into plasmid pGP2 gave rise to a these strains and with the corresponding E. coli clones on range of pale to dark blue colonies on XP indicator agar.
XP 249, 297, 304, 317, and 320 exhibited high levels (>120 U) of enzymatic activity. Fusions at aa 73 and 190 had low levels (<13 U) of alkaline phosphatase activity. The location of IcrD-phoA fusions and their approximate activities are shown relative to a model of LcrD transmembrane topology (Fig. 7) . The pattern of activities correlates well with the model of transmembrane topology predicting eight aminoterminal transmembrane helices and a large carboxyl-terminal cytoplasmic domain. The distribution of charged residues relative to potential membrane-spanning segments agrees with the rule for preferential location of positively charged amino acids on the inside of the membrane and clusters of noncharged polar and negatively charged residues on the outside or periplasmic side of the membrane (75) . The proposed topology places both the amino and the carboxyl termini on the cytoplasmic side of the membrane.
Analysis of TnphoA insertions upstream of the lcrD ORF. Additional TnphoA insertion sites in pGP2 were identified upstream of the LcrD ORF, oriented opposite to the direction of lerD transcription and located 26, 41, 65, and 101 bp upstream of the lcrD initiation codon. The phoA portions of these inserts were in frame with the coding region of an ORF found on the opposite strand from the IcrD ORF. This ORF initiates 149 bp within the lcrD ORF and extends 103 bp upstream of the lcrD initiation codon (Fig. 3) . It was found to have the coding potential for a 9,116-molecular-weight protein. Examination of the sequences upstream of this ORF did not reveal any E. coli-like promoter sequences or ribosomebinding sites. In addition, analysis in E. coli of plasmids pGP2-1 and pGP2-2, which contain this ORF downstream of the pKS-T7 promoter, utilizing the bacteriophage T7 RNA polymerase expression system (69, 70) , revealed no corresponding protein (data not shown). The significance of this ORF in Y. pestis, if any, is currently unknown.
The expression of LcrD from pGP2 containing TnphoA insertions upstream of the lerD ORF was examined by SDS-PAGE and immunoblot analysis to delineate upstream regulatory regions required for efficient expression of LcrD (Fig. 8) presumably is due to the intact IcrDR operon on pCD1). The
TnphoA insertion located 101 bp upstream of the lcrD ORF had no effect on the overexpression of LcrD. (19) and from DNA sequence analysis. These data showed that lcrD was located immediately upstream of lcrR and, in fact, that the translational stop of IcrD and the translational start of IcrR overlap.
The Mu dIl insertion mutant of 1crD, which is probably also defective for lcrR expression because of transcriptional polarity, exhibits the Ca2"-independent growth phenotype (19) . In contrast, Y. pestis defective only in IcrR expression (1) (Fig. 2 ). The expression of Yops H and M appeared to be enhanced in the mutant. In Y. enterocolitica and Y. pseudotuberculosis, the genes encoding Yops B and D were reported to be part of the same transcriptional unit as lcrGVH (3, 37) . This same operon structure probably also exists in We proposed a topological model for LcrD based on the hydropathic profile and the distribution of charged amino acids on the polypeptide chain. TnphoA mutagenesis was utilized to test the proposed topological model. The activities of the various LcrD-PhoA fusion proteins support the proposed model (Fig. 7) . PhoA fusions expressing high enzymatic activity were obtained in three of the four periplasmic loops predicted by the structural model. Hybrid proteins with low activity were obtained in two of the three predicted cytoplasmic loops. The two LcrD-PhoA fusions (pGP2-pho249 and pGP2-pho297) with junctions in putative membrane-spanning segments lie near enough to the periplasmic space to have significant enzymatic activity (13) . No 1crD-phoA fusions with detectable alkaline phosphatase activity were obtained in either the amino-or carboxyl-terminal segments. The model predicts a cytoplasmic location for both the amino-and carboxyl-terminal regions.
The recent sequencing and analysis of the flbF gene of C. crescentus by Austin Newton's laboratory at Princeton University, Princeton, N.J. (40, 59 ) revealed significant amino acid homology between the predicted flbF gene product and that predicted for LcrD of Y. pestis (Fig. 5) 173, 1991 .. 7---on November 7, 2017 by guest http://jb.asm.org/ Downloaded from aa) regions of homology exhibiting from 47 to 56% identity were found spread over the remainder of the predicted amino acid sequences. The flbF gene product of C. crescentus is required for the cell cycle-specific expression of flagellar gene products (39) . The regulation of gene expression in both systems involves a complex cascade of regulatory proteins that function together to coordinate the expression of numerous target genes (44) . Recent communication with C. Ginocchio and J. Galan (18) has revealed an additional protein which shares homology with LcrD and FlbF. The predicted amino acid sequence of the invA gene product of Salmonella typhimurium (18) demonstrated significant homology with LcrD and FlbF. The identification of homologous regulatory genes from such diverse systems may indicate that lcrD andflbF are members of a new regulatory gene family that has yet to be investigated.
